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CLOSED-LOOP PHASE COMPENSATION
CONTROLLER

TECHNICAL FIELD

The mvention relates to closed-loop control systems, such
as systems for controlling manufacturing processes.

BACKGROUND

Continuous feed manufacturing systems, such as manu-
facturing systems used to produce paper, film, tape, and the
like, often 1nclude one or more motor-driven rotatable
mechanical components, such as rollers, casting wheels,
pulleys, gears, pull rollers, extruders, gear pumps, and the
like. These systems often include electronic controllers that
output control signals to engage the motors and drive the
motors at pre-determined speeds. A typical controller often
includes sophisticated closed-loop control circuitry that
monitors the speed of the motor and adjusts the output
signals to compensate for any detected error.

Nevertheless, the rotatable mechanical components of
these systems tend to experience speed variations, often due
to the other mechanical components coupling the motor to
the rotatable mechanical component. For example, speed
variations may be mtroduced by gear boxes, mechanical
couplers, bearing {Iriction, cogging torque, gain offset of
sensors and other anomalies within the system. These speed
variations during the manufacturing process can lead to
imperfections or variations within the manufactured prod-
uct. Accordingly, it 1s desirable to reduce or eliminate the
speed variations such that the rotatable members can be
driven as closely as possible to a desired velocity.

SUMMARY

In general, the mnvention relates to adaptive closed-loop
control techniques that reduce speed variations of precision-
controlled rotatable mechanical components. In particular,
the adaptive, closed-loop control techniques described
herein can dynamically detect and reduce speed variations
even though the speed variations may shift 1n amplitude,
frequency and phase during the rotation. Exemplary rotat-
able mechanical components include, for example, rollers,
casting wheels, pulleys, gears, pull rollers, extruders, gear
pumps, and the like.

In one embodiment, the mvention 1s directed to a system
having a motor operable to drive a rotatable mechanical
component 1n response to a motor control signal. A sensor
generates a speed signal that represents the angular velocity
of the mechanical component. The sensor may be, for
example, a sine encoder mounted to a shaft of the mechani-
cal component. A controller receives the speed signal, and
ogenerates a set of data elements based on the speed signal
over one or more revolutions of the mechanical component.

In particular, the set of data elements relate speed varia-
tions of the mechanical component to a plurality of angular
positions of the mechanical component. For example, the set
of data elements may comprise angular velocity error data
for the mechanical component at each of the angular posi-
tions. Alternatively, the controller may decompose the speed
signal into frequency components, and 1dentily destructive
frequencies. In that case, the set of data elements may
comprise frequency, amplitude and phase data for the com-
ponents.

The controller continuously monitors the speed signal,
updates the set of data elements, and adjusts the motor
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control signal based on the set of data elements. In this
manner, the controller provides adaptive, closed-loop con-
trol of the mechanical component. The controller may, for
example, generate an error signal based on the set of data
values, and induce the error signal into closed-loop control
circuitry as feedback to adjust the motor control signal. To
generate the error signal, the controller makes use of a motor
reference signal, such as a motor speed reference signal, a
motor torque reference signal, or a motor position reference
signal.

The controller maintains the set of data elements within a
storage medium, such as a non-volatile random access

memory (NVRAM), FLASH memory or the like. In
particular, the controller may store the set of data elements

as a lookup table (LUT) in which the data elements store
angular velocity error data for the angular positions of the
mechanical component. For example, the lookup table may
comprise N*M data elements, where the N*M data elements
store angular velocity data for N angular positions over M
revolutions of the mechanical component.

The controller continuously updates the data elements 1n
real-time to provide adaptive control and effectively reduce
the speed variations. For example, for each angular position,
the controller calculates an average velocity of the mechani-
cal component over a subset of the proceeding angular
positions, and subtracts the average angular velocity from a
reference velocity to produce a current velocity error. The
controller then updates the respective data element based on
the current angular position of the mechanical component
and as a function of the calculated velocity error.

In another embodiment, the invention 1s directed to a
method comprising receiving a speed signal representing
angular velocity of a rotatable mechanical component, and
generating a set of data elements from the speed signal. The
set of data elements relates speed variations of the mechani-
cal component to a plurality of angular positions of the
mechanical component. The method further comprises gen-
erating an error signal based on the set of data elements, and
adjusting a motor control signal based on the error signal.
The set of data elements may comprise angular velocity
error data for the mechanical component at the angular
positions. Alternatively, the data elements may comprise
frequency, amplitude and phase data for frequency compo-

nents of the speed signal.

The details of one or more embodiments of the invention
are set forth 1n the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent from the description and
drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram 1llustrating an example system
in which a controller provides adaptive, closed-loop control
to reduce speed variations of a roller.

FIG. 2 1s a flowchart providing a high-level overview of
the operation of the controller.

FIG. 3 1s a block diagram 1illustrating a mapping of N
angular positions to the roller to span a complete revolution.

FIG. 4A 1s a graph 1illustrating example velocity error of
the roller when the controller 1s not engaged to reduce speed
variations.

FIG. 4B 1s a graph 1llustrating example velocity error of
the roller within the frequency domain when the controller

1s not engaged to reduce speed variations.

FIG. 4C 1s a graph 1illustrating 1n further detail a destruc-
tive frequency of changing amplitude and phase over one
revolution of the roller.
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FIG. 4D 1s a graph 1illustrating example velocity error of
the roller within the frequency domain when the controller
has been engaged to adaptively reduce speed variations.

FIG. 5A 1s a block diagram 1illustrating an example
embodiment of the controller in further detail.

FIGS. 5B-5D are block diagrams illustrating a variety of
embodiments for the controller.

FIG. 6 1s a flowchart 1llustrating one example mode of
operation of a processor of the controller when generating
data elements relating velocity error to angular positions of
the roller.

FIG. 7 1s a block diagram 1llustrating an example set of the
data elements.

FIG. 8 1s a block diagram 1illustrating another example set
of the data elements.

DETAILED DESCRIPTION

FIG. 1 1s a block diagram 1illustrating an example system
2 1n which a controller 4 provides adaptive, closed-loop
control to reduce speed variations of a roller 10. In
particular, the adaptive, closed-loop control techniques
described herein can dynamically detect and reduce speed
variations of roller 10 even though the speed variations may
shift in amplitude, frequency and phase during the rotation.
System 2 may be used 1n a variety of applications, including
a confinuous feed manufacturing environment to produce
paper, ilm, tape, and the like. Although illustrated with
reference to roller 10 for exemplary purposes, the mnvention
1s not so limited. The principles of the invention may be
applied to adaptive, closed-loop control for any rotatable
mechanical component, such as a roller, a casting wheel, a
pulley, a gear, a pull roller, an extruder, a gear pump, and the

like.

Controller 4 outputs motor control signal 20 to engage
motor 6 and drive roller 10, which may be a precision
web-handling roller within a manufacturing environment. In
particular, in response to motor control signal 20, motor 6
drives shaft 18 that 1s mechanically coupled to gear box 8 via
coupler 15. In turn, gear box 8 drives shaft 17 that is
mechanically coupled to roller 10 via coupler 14. Gear box
8 may comprise a number of gears, such as twenty or more,
to provide a suitable gear ratio to engage roller 10.

Controller 4 receives motor speed signal 22 indicative of
the angular velocity of shaft 18, 1.e., the current operating
speed of motor 6. In addition, controller 4 receives from
sensor 12 a roller speed signal 26 that represents the angular
velocity of roller 10. Sensor 12 may, for example, comprise
a sine encoder mounted to shaft 13 of roller 10, and may
output a position-encoded roller speed signal. Controller 4
also receives a motor reference signal 24 that provides a
target reference for driving motor 6. A process control unit
or other device, for example, may provide motor reference
signal 24 according to a manufacturing model. Motor ref-
erence signal 24 may comprise a motor speed reference
signal, a motor torque reference signal, and a motor position
reference signal, or the like.

Based on roller speed signal 26, motor speed signal 22,
and a motor reference signal 24, controller 4 applies closed-
loop control of motor 6 to counteract effects of variations in
speed of roller 10. In particular, controller 4 detects and
reduces speed variations of roller 10 that occur as roller 10
rotates 1n response to motor 6 even though the speed
variations may shift in amplitude, frequency and phase
during the rotation. These speed variations may be caused by
a number of components of system 2, including gear box 8,
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4

couplers 14, 15 and other components (not shown) of system
2 such as sleeve bearings, cogging torque, gain offset of
sensors and other anomalies that often affect fine motor
control.

As described 1 detail below, controller 4 continuously
samples roller speed signal 26 and generates a set of data
clements that relate speed variations of roller 10 to angular
position. In particular, controller 4 may store the set of data
clements as a lookup table in which the data elements store
angular velocity error data for a plurality of angular posi-
tions of roller 10. Controller 4 maintains the set to comprise
suflicient data elements to span one or more revolutions of
roller 10. By increasing the number of data elements to span
more than one revolution of roller 10, controller 4 1s able
reduce the effects of lower frequency speed variations, 1.€.,
speed variations having a period of more than one revolu-
tion.

The set of data elements relate speed variations of roller
10 to the angular positions of roller 10. For example, the set
of data elements may comprise angular velocity error data
for roller 10 at each of the angular positions. Accordingly,
the lookup table may comprise N*M data elements, where
the N*M data elements store angular velocity data for N
angular positions over M revolutions of roller 10. Controller
4 maintains the set of data elements within a storage medium
(not shown), such as a non-volatile random access memory
(NVRAM), FLASH memory or the like. Alternatively, con-
troller 4 may decompose the roller speed signal into fre-
quency components, and 1dentify destructive frequencies. In
the embodiment, the set of data elements may comprise
frequency, amplitude and phase data for the identified com-
ponents.

Controller 4 continuously samples roller speed signal 26,
recalculates the set of data elements, and adjusts motor
control signal 20 based on the set of data elements. In this
manner, controller 4 provides adaptive, closed-loop control
of motor 6 to reduce or eliminate repetitive speed variations
within roller 10.

FIG. 2 1s a flowchart providing a high-level overview of
the operation of controller 4. In real-time, controller 4

engages motor 6 to drive roller 10, and receives roller speed
signal 26 that includes a measure of the angular velocity of
roller 10 (30). Controller 4 processes roller speed signal 26
and updates the set of data elements to relate speed varia-
tions of roller 10 to angular position (32). In particular,
controller 4 may continuously sample roller speed signal 26
and calculate discrete velocity error data for each of the
angular positions. Alternatively, controller 4 may decom-
pose the roller speed signal 1nto frequency components and
store the frequency information 1n the set of data elements.

Next, controller 4 generates an error signal based on the
data elements and a motor reference signal, such as a motor
speed reference, motor torque reference or a motor position
reference (34). Controller 4 adjusts motor control signal 20
based on the error signal (36). In this manner, controller 4
provides adaptive, closed-loop control of motor 6 to reduce
or eliminate repetitive speed variations within roller 10.

FIG. 3 1s a block diagram 1illustrating a mapping of N
angular positions (P,—P,) to roller 10 to span a complete
revolution. The maximum number of positions per revolu-
tion 1s typically a function of the angular velocity of roller
10 and the processing speed of controller 4 as follows:
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= Pymax

where P,,.» 1s the maximum number of positions, Ty 1s the
time per revolution of roller 10, and T 1s the scan time of
controller 4. For example, assuming a time of 10.00 seconds
for one revolution of roller 10, and a scan time of 6.5 ms for

controller 4, the maximum number of positions would be
769.23. Accordingly, N could be set to 720, which 1s less

than the maximum positions of 769.23, to conveniently
allocate a position for every half-degree of roller 10.
Accordingly, controller 4 may maintain a lookup table of
1440 data elements to span two revolutions of roller 10. In

other embodiments, a much larger lookup table may be
implemented to store data elements for a number of revo-
lutions to 1mprove quantification of lower frequency speed
variations, 1.€., speed variations having a period of more
than one revolution.

FIG. 4A 1s a graph 40 1llustrating example velocity error
of roller 10 when controller 4 1s not engaged to reduce speed
variations. In particular, graph 40 plots the velocity error of
roller 10 versus time over one revolution of roller 10. FIG.
4B 1s a graph 44 1llustrating example velocity error of roller
10 within the frequency domain when controller 4 1s not
engaged to reduce speed variations. Notably, graph 44
highlights two example destructive frequencies 46, 48
present within the velocity error of roller 10. These frequen-
cies may be caused by one or more of a number of
components of system 2, including gear box 8, couplers 14,
15 and other components (not shown) of system 2. Graph 44
also 1llustrates a non-destructive frequency 47 that can be
caused by the speed-measuring device, such as sensor 12.

FIG. 4C 1s a graph 50 1llustrating 1n further detail one of
the destructive frequencies 46, 48 1n time over one revolu-
fion of roller 10. In particular, graph 350 1illustrates an
example loading of gear box 8 on motor 6 that takes the form
of a sine wave pattern between a forward load and a reverse
load. Backlash, shaft torsion and coupling torsion, for
example, may cause a phase shift between roller 10 and
motor 6.

FIG. 4D 1s a graph 52 1illustrating example velocity error
of roller 10 within the frequency domain when controller 4
has been engaged to reduce speed variations. In particular,
oraph 52 illustrates how controller 4 can reduce the two
example destructive frequencies 46, 48. Reduction of speed
variations, mncluding greater than ten to fifteen times reduc-
fion 1n speed variations, have been achieved in practice.
Furthermore, graph 52 illustrates that controller 4 can be
configured to 1gnore non-destructive frequencies, such as
non-destructive frequency 47. In particular, controller 4 may
be readily configured to decompose the roller speed signal
into frequency components, and to selectively compensate
for the 1dentified components.

FIG. 5A 1s a block diagram illustrating an example
embodiment of controller 4 1n further detail. Controller 4
includes closed-loop control circuitry 60 to output motor
control signal 20 based on motor reference signal 24 and
error signal 64. To generate error signal 64, controller 4
receives and process roller speed signal 26 from sensor 12.

Initially, pre-processing unit 66 amplifies roller speed
signal 26 and converts the signal from sine lines to line
pulses. In addition, pre-processing unit 66 generates a high-
resolution pulse count, such as 3,600,000 pulses per
revolution, based on the line pulses of roller speed signal 26.
Pre-processing unit 66 may also apply a filter, such as a
low-pass filter, to remove noise from roller speed signal 26.
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6

Based on the pulse count, processor 67 calculates a
current angular velocity of roller 10, and generates a set of
data elements 62 that relates velocity error of roller 10 to
angular position. For example, processor 67 may subftract
the angular velocity from motor reference signal 24 to
determine a velocity difference 63. Alternatively, processor
67 may make use of a torque reference signal, a position
reference signal, and the like. Based on the calculated
difference 63, processor 67 continuously updates the set of
data elements 62. Processor 67 may store the set of data
clements 62 as a lookup table in which the data elements
store angular velocity error data for a plurality of angular
positions of roller 10. In addition, processor 67 may store the
set of data elements within a storage medium, such as a
non-volatile random access memory (NVRAM), FLLASH
memory or the like. The storage medium may be internal or
external to the processor. Processor 67 may comprise an
embedded microprocessor, conventional microprocessor, a
digital signal processor (DSP), dedicated computational
hardware, and the like.

To counteract effects of variations 1n speed of roller 10,
processor 67 generates error signal 64 based on motor speed
signal 22 and data elements 62. Specifically, processor 22
ogenerates a signal 65 from the data elements 62 to represent
velocity error as a function of the angular position of roller
10, and subtracts signal 65 from motor speed signal 22.
Processor 67 introduces error signal 64 into closed-loop
control circuitry 60 for adjusting motor control signal 20. In
this manner, closed-loop control circuitry 60 may be any
conventional closed-loop control mechanism for controlling
motor 6.

Alternatively, pre-processing unit 66 may decompose the
roller speed signal 1nto frequency components, and 1dentily
destructive frequencies. Pre-processing unit 66 may, for
example, perform a Fast Fourier Transform (FFT) on roller
speed signal 26 to identify the frequency components of the
angular velocity. In that case, the processor 67 may generate
the set of data elements 62 to comprise frequency, amplitude
and phase data for the identified components. In a most
preferred embodiment, the present invention may combine
the use of both frequency components and time components
to resolve variability associated with the mechanical com-
ponent.

The arrangement of controller 4 may vary. In particular,
signal 65, error signal 64 and summers 61, 68 may be
rearranged or eliminated. FIGS. SB—5D are block diagrams
illustrating a variety of exemplary embodiments for control-
ler 4. In view of FIGS. 5A-5D, other configurations may
also become apparent to a person with skill in the art.

FIG. 6 1s a flowchart illustrating one example mode of
operation of processor 67 when generating data elements 62.
Initially, such as during the first revolution of roller 10 for
a particular set point, processor 67 receives the pulse count
from pre-processing unit 66 and 1nitializes data elements 62
with velocity error as a function of angular position (70). For
example, processor 67 may subtract the angular velocity
measured at each angle from motor reference signal 24.

After initializing the data elements 62 (70), processor 67
continuously updates each of data elements 62. Specifically,
for each angular position, by processor 67 calculates an
average velocity of roller 10 (72), and calculates an angular
velocity error for the current angular position (74), such as
by subtracting the average angular velocity from a reference
velocity. Processor 67 may, for example, calculate an aver-
age angular velocity for the current angular position based
on measured angular velocities for the current angular
position and number of proceeding angular positions. Based
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on the current angular position, processor 67 updates one of
data elements 62 as a function of the calculated velocity
error (76). For example, for a current angular position P and
a current revolution R, processor 67 may update data ele-
ments 62 as follows:

DATA[P*R-1]=DATA[P*R-1 T (Vyer—Vave)*C 0<=P<N,
0<=R<M

where DATA represents data elements 62 stored in linear
fashion as a lookup table having M*N data elements, V...
represents motor reference signal 24, and V .., represents
the calculated average angular velocity, and C represents a
constant. The constant C may be used as a digital low pass
filter to reduce the effects of noise, and may have a typical
value of 0.5.

FIG. 7 1s a block diagram 1illustrating an example set of
data elements 90. In particular, data elements 90 includes
M*N data elements. Each element corresponds to an angular
position and a revolution of roller 10. In the illustrated
embodiment, each element stores velocity error data, which
could be stored as angular velocity error, linear velocity
error considering the diameter of roller 10, as a percentage
error, and the like.

Element P1, for example, indicates a linear velocity error
of +1.2004 feet per minute (FPM).

FIG. 8 15 a block diagram illustrating another example set
of data elements 92. In particular, the set of data elements 92
relate velocity error to position by storing data describing
destructive frequencies within roller speed signal 26. As
described above, controller 4 may decompose roller speed
signal into frequency components. In this mode of operation,
cach of data elements 1n the set 92 maintains data describing
a unique destructive frequency, such as the frequency,
amplitude and phase relative to the position of roller 10.

Although described 1n reference to closed-loop control of
a rotatable mechanical component, the techniques may
readily be applied to provide adaptive, closed-loop control
of a mechanical component that may be repetitively actuated
to traverse a linear or non-linear path. In particular, the
controller may generate a set of data elements to relate
variations 1n the linear velocity of the mechanical compo-
nent to positions along the path.

Various embodiments of the invention have been
described. These and other embodiments are within the
scope of the following claims.

What 1s claimed 1s:

1. A method comprising;

receiving a speed signal representing angular velocity of
a rotatable mechanical component;

generating a set of data elements from the speed signal,
wherein the set of data elements comprises angular
velocity error data for the mechanical component at
cach of a plurality of angular positions;

generating an error signal based on the set of data ele-
ments to represent an angular velocity error as a
function of the angular position of the mechanical
component; and

adjusting a motor control signal based on the error signal.

2. The method of claim 1, wherein generating an error
signal comprises combining the motor speed signal with the
data elements to produce the error signal.

3. The method of claim 1, wherein generating a set of data
clements comprises storing the set of data elements as a
lookup table, wherein the data elements of the lockup table
comprise angular velocity error data for the angular posi-
fions.
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4. The method of claim 3, wherein the lookup table
comprises N*M data elements, wherein the N*M data
clements store angular velocity data for N angular positions
over M revolutions of the mechanical component.

5. The method of claim 1, further comprising outputting
the motor control signal from a controller to engage a motor.

6. The method of claim 5, wherein adjusting the motor
control signal comprises introducing the error signal into
closed-loop control circuitry of the controller.

7. The method of claim 1, wherein adjusting the motor
control signal comprises adding the error signal to a motor
reference signal.

8. The meted of claim 7, wherein the motor reference
signal comprises one of a motor speed reference signal, a
motor torque reference signal, and a motor position refer-
ence signal.

9. The method of claim 1, wherein adjusting the motor
control signal comprises inverting the error signal.

10. The method of claim 1, further comprising defining
the plurality of angular positions to span one revolution of
the mechanical component.

11. The method of claim 1, wherein generating the data
clements comprises decomposing the speed signal into fre-
quency components.

12. The method of claim 11, wherein the data elements
represent amplitudes and phases of the frequency compo-
nents.

13. The method of claim 11, further comprising generat-
ing the error signal to contain the frequency components.

14. The method of claim 1, further comprising updating
cach of the data elements by:

(a) measuring an angular velocity of the mechanical
component for a subset of the angular positions;

(b) calculating an average velocity of the mechanical
component over the subset of the angular positions;

(c) subtracting the average angular velocity from a refer-
ence angular velocity to produce an angular velocity
CITOT;

(d) storing the angular velocity error within the set of data
clements based on a current angular position of the
mechanical component; and

(¢) repeating (a) through (d) for each of the angular
positions of the mechanical component.
15. A medium comprising instructions to cause a proces-
sor to:

receive a speed signal representing angular velocity of a
rotatable mechanical component as a function of angu-
lar position;

ogenerate a set of data elements from the speed signal,
wherein the set of data elements relates speed varia-
tions of the mechanical component to angular positions
of the mechanical component, and further wherein the
set of data elements comprises angular velocity error
data for the mechanical component at each of the
plurality of annular positions;

generate an en-or signal based on the set of data elements;
and

adjust a motor control signal based on the error signal.

16. The medium of claim 15, further comprising instruc-
fions to cause the processor to combine the motor speed
signal with the data elements to produce the error signal
representing angular velocity error as a function of the
angular position of the rotatable mechanical component.

17. The medium of claim 15, further comprising instruc-
tions to cause the processor to output the motor control
signal based on a motor reference signal and the error signal.
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18. The medium of claim 15, further comprising instruc-
fions to cause the processor to decompose the speed signal
into frequency components.

19. A system comprising:

a motor operable to drive a rotatable mechanical compo-
nent 1n response to a motor control signal;

a sensor to generate a speed signal representing angular
velocity of the mechanical component; and

a controller to generate a set of data elements based on the
speed signal, wherein the set of data elements relates
speed variations of the mechanical component to a
plurality of angular positions of the mechanical
component, and further wherein the set of data ele-
ments comprise angular velocity error data for the
mechanical component at the angular positions, and the
controller adjusts the motor control signal based on the
set of data elements.

20. The system of claim 19, wherein the sensor outputs a

position-encoded speed signal.

21. The system of claim 19, wherein the controller gen-
crates an error signal based on the speed signal and a motor
speed reference signal, and further wherein the controller
converts the error signal to digital values and stores the
digital values on a medium as the set of data values.

22. The system of claim 19, wherein the sensor is
mounted to a shaft of the mechanical component.

23. The system of claim 19, wherein the controller stores
the set of data elements within a storage medium as a lookup
table, wherein the data elements of the lookup table com-
prise angular velocity error data for the angular positions.

24. The system of claim 23, wherein the lookup table
comprises N*M data elements, wherein the N*M data
clements store angular velocity data for N angular positions
over M revolutions of the mechanical component.

25. The system of claim 19, wherein the plurality of
angular positions span one revolution of the mechanical
component.

26. The system of claim 19, wherein the controller gen-
erates an error signal based on the set of data values.

27. The system of claiam 26, wherein the controller
includes closed-loop control circuitry to output the motor
control signal based on the error signal and a motor refer-
ence signal.

28. The system of claim 27, wherein the motor reference
signal comprises one of a motor speed reference signal, a
motor torque reference signal, and a motor position refer-
ence signal.

29. The system of claim 19, wherein the controller decom-
poses the speed signal into frequency components.

30. The system of claim 29, wherein the data elements
represent amplitudes and phases of the frequency compo-
nents.

31. The system of claim 29, wherein the controller gen-
erates an error signal to contain the frequency components,
and introduces the error signal as feedback into closed-loop
circuitry to adjust the motor control signal.

32. The system of claam 19, wherein the controller
updates the data elements by:

(a) measuring an angular velocity of the mechanical
component for a subset of the angular positions;

(b) calculating an average velocity of the mechanical
component over the subset of the angular positions;
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(c) subtracting the average angular velocity from a refer-
ence angular velocity to produce an angular velocity
CITOT;

(d) storing the angular velocity error within the set of data
clements based on a current angular position of the
mechanical component; and

(e) repeating (a) through (d) for each of the angular

positions of the mechanical component.

33. The system of claim 19, wherein the mechanical
component comprises one of a roller, a casting wheel, a
pulley, a gear, a pull roller, an extruder, and a gear pump.

34. A system comprising;

a motor operable to drive a mechanical component along
a path 1 response to a motor control signal;

a sensor to generate a speed signal representing a linear
velocity of the mechanical component; and

a controller to generate a set of data elements based on the
speed signal, wherein the set of data elements relates
speed variations of the mechanical component to a
plurality of positions of the mechanical component, and
further wherein the controller adjusts the motor control
signal based on the set of data elements.

35. The system of claim 34, wherein the sensor outputs a

position-encoded speed signal.

36. The system of claam 34, wherein the set of data
clements comprise linear velocity error data for the
mechanical component at the positions.

37. The system of claim 34, wherein the controller gen-
erates an error signal based on the speed signal and a motor
speed reference signal, and further wherein the controller
converts the error signal to digital values and stores the
digital values on a medium as the set of data values.

38. The system of claim 34, wherein the controller stores
the set of data elements within a storage medium as a lookup
table having N*M data elements, wherein the N*M data
clements store velocity data for N positions over M linear
actuations of the mechanical component.

39. The system of claim 34, wherein the plurality of
positions span one linear actuation of the mechanical com-
ponent.

40. The system of claim 34, wherein the controller gen-
erates an error signal based on the set of data values.

41. The system of claim 40, wherein the controller
includes closed-loop control circuitry to output the motor
control signal based on the error signal and a motor refer-
ence signal.

42. The system of claim 41, wherein the motor reference
signal comprises one of a motor speed reference signal, a
motor torque reference signal, and a motor position refer-
ence signal.

43. The system of claim 34, wherein the controller decom-
poses the speed signal 1nto frequency components.

44. The system of claim 43, wherein the data elements
represent amplitudes and phases of the frequency compo-
nents.

45. The system of claim 43, wherein the controller gen-
crates an error signal to contain the frequency components,
and introduces the error signal as feedback into closed-loop
circuitry to adjust the motor control signal.



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 6,690,989 B2 Page 1 of 1
DATED . February 10, 2004
INVENTOR(S) : Kent J. Spindler

It Is certified that error appears in the above-identified patent and that said Letters Patent Is
hereby corrected as shown below:

Column 7,
Line 635, “lockup” should be shown as -- lookup --.

Column 8,
Line 57, “en-or” should be shown as -- error --.

Signed and Sealed this

Fifteenth Day of June, 2004

o WD

JON W. DUDAS
Acting Director of the United States Patent and Trademark Office




	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

